The kinetics of b b-cell death in neonatal diabetes-prone (BBdp) and diabetes-resistant (BBdr) BioBreeding rats was investigated using both direct (histochemical) and indirect (mathematical modelling) techniques. In both BBdp and BBdr rats, the incidence of TUNEL positive b b-cells increased until 10 days of age before declining. The number of apoptotic b-cells was significantly higher in BBdp as compared to BBdr neonates from birth until 20 days of age (P50.05). Using a mathematical model applied to the time course of b b-cell mass and replication rate, a wave of net b b-cell loss was detected between 10 and 20 days of age in both strains. In contrast to the observed difference in the incidence of TUNEL positive b bcells, with the model-based approach we found no difference in the rate of b b-cell apoptosis between BBdp and BBdr rats prior to weaning. As the number of apoptotic cells present in a tissue depends on the rate at which cells die and the rate at which the apoptotic cell debris is cleared, we compared in vitro phagocytosis of apoptotic thymocytes by peritoneal macrophages from 2-week-old BBdp and BBdr rats. Macrophages from BBdp neonates engulfed significantly less apoptotic cells as compared to BBdr neonates (P50.0005). Taken together, these findings suggest that there is impaired clearance of apoptotic b b-cells in diabetes-prone BB rats during the neonatal period.
Introduction
A multitude of techniques for detecting the hallmark morphological and biochemical features that characterize apoptosis have been developed. 1, 2 Through the application of these methodologies the importance of apoptosis as a mechanism of cell deletion in mature tissue homeostasis, in fetal and neonatal remodeling of organs, and in the pathogenesis of many diseases has been established. 3 ± 5 Although apoptosis is generally thought to be a noninflammatory event, there is growing evidence that abnormal apoptotic activity occurs in both organ specific and systemic autoimmune disorders. 6 ± 8 Type 1 diabetes mellitus results from an autoimmunemediated loss of insulin-secreting b-cells within the pancreatic islets of Langerhans. 9 It is probable that in individuals with a genetic predisposition, an environmental insult triggers humoral and/or cell-mediated immunities against b-cells to produce clinical diabetes. 10, 11 The process of b-cell destruction is chronic in nature, often beginning at a very early age and continuing for several years. During this extensive yet silent preclinical period, inflammatory mononuclear cells infiltrate the pancreatic islets (insulitis) and eliminate the majority of the b-cell population. Studies using rodent models have shown that b-cell apoptosis is the primary form of cell loss during the progression to overt type 1 diabetes. 12 ± 15 We recently hypothesized that neonatal bcell apoptosis is also important as a trigger initiating the immune attack. 16 To study the kinetics of apoptosis, investigators have generally quantified the incidence of apoptotic cells using one of the many available methods such as histochemical detection of a specific marker of the apoptotic process. 17 Usually, an increase in the appearance of a particular marker for apoptosis (such as TUNEL positivity) is interpreted as an increase in the rate of apoptosis. However, the number of apoptotic cells present in a tissue depends on the rate at which cells die and the rate at which the apoptotic cell debris is cleared. Therefore, defective clearance of apoptotic cells could also be responsible for an increased incidence of apoptotic cells in a tissue. To circumvent this problem, we developed a novel mathematical model-based approach which estimates the rate of cell death based on the rate at which the tissue grows and the rate at which the cells of the tissue replicate. 18 The rate of cell death calculated in this way is independent of morphological evidence of cell death and thus is independent of the rate at which the apoptotic cells are cleared.
Our hypothesis that neonatal b-cell apoptosis may be an important trigger for b-cell directed autoimmunity is based on our prior discovery of a neonatal wave of b-cell apoptosis in normal developing rats. 18 ± 20 This neonatal wave of b-cell death peaks at about 2 weeks of age and is present in both rats and mice. 21 Studies have pinpointed the initiation of insulitis in diabetes-prone mice at 15 days of age. 22 The juxtaposition of the neonatal wave and the initiation of autoimmunity led us to the present study in which we sought to determine if the neonatal wave of b-cell apoptosis is normal in an autoimminue diabetes-prone rat model. The kinetics of bcell apoptosis were determined in diabetes-prone (BBdp) and diabetes-resistant (BBdr) BioBreeding rat neonates. We used the TUNEL method to quantify the incidence of apoptotic b-cells in the pancreas of BBdp and BBdr rats aged 0 ± 25 days. Additionally, we determined the rate of b-cell death by application of our novel model-based approach. As an independent assessment of apoptotic cell removal in the neonate, we also investigated the ability of peritoneal macrophages from diabetes-prone and diabetes-resistant strains to ingest apoptotic thymocytes in vitro.
Results

Incidence of apoptotic b b-cells
The TUNEL method for labelling DNA stand breaks was used in conjunction with insulin staining to quantify the incidence of apoptotic b-cells in pancreatic sections from BBdr and BBdp rats aged 0 ± 25 days. Cells with brown nuclei and pink cytoplasm were identified as apoptotic bcells ( Figure 1 ). In small apoptotic bodies, the brown colour expanded over the cytoplasm whereas the TUNEL colouration of early apoptotic cells was generally heterogeneous, with reinforcement at the nucleus border. A wave of b-cell apoptosis was observed during the neonatal period in both strains of BB rat ( Figure 2 ). The % TUNEL positive b-cells increased from birth until 10 days of age in both strains. After 10 days of age, values decreased and were significantly lower at 20 and 25 days of age. The number of apoptotic b-cells in neonatal BBdp rats was significantly greater compared to BBdr neonates between 0 and 20 days of age (P50.05).
Rate of b b-cell apoptosis
In order to apply our mathematical model based approach, the rate of change in b-cell mass and the contribution made by replication were initially determined. b-Cell mass increased from birth to 10 days of age at a rate of~0.06 mg/day ( Figure 3A) . Figure 4 ). There was no significant differences in the magnitude of b-cell death between 10 and 20 days of age with the neonatal wave of cell death averaging 3.4+1.7%/day in both strains (P50.05). 
Phagocytosis of apoptotic thymocytes
Coculture of peritoneal macrophages from 2 week old diabetes-prone and diabetes-resistant BB rats with a fivefold greater number of early apoptotic (Annexin V positive) thymocytes disclosed a marked deficiency in phagocytosis by macrophages from BBdp rats. Only 2.2+0.2% of peritoneal macrophages from BBdp neonates had ingested at least one apoptotic cell ( Figure 5A ). In comparison 6.8+0.9% of macrophages from age matched BBdr rats were positive for phagocytosis. Phagocytic index (the number of ingested thyocytes per 100 macrophages) also showed a large difference between diabetes-prone and diabetesresistant phenotypes (2.5+0.3% versus 8.2+1.0% for BBdp and BBdr neonates; P50.0005, respectively) ( Figure 5B ).
Monitoring of diabetes development
Plasma insulin levels were initially high at birth (74+4 pmol/l), but then decreased and remained fairly constant during the neonatal period ( Figure 6A ). Insulin levels increased from 30 to 70 days of age in both strains. However, during this period, plasma insulin levels were significantly lower in the BBdp as compared to BBdr rats (P=0.02 for 2-way ANOVA from 30 ± 90 days only). Plasma glucose levels were essentially the same between the two strains of BB rats except at 20 days of age ( Figure 6B ). At 0 days of age, plasma glucose was relatively low at 4.6+0.1 mmol/l but then increased to 8.4+0.2 mmol/l by 15 days of age. Glucose levels then remained at approximately 9 mmol/l except in the 90-day-old BBdp rats when five of 10 animals had developed hyperglycemia (412 mmol/l).
Discussion
Our findings demonstrate, for the first time, that there is a wave of b-cell apoptosis within the islets of neonatal BBdp and BBdr rats. Both direct (histochemical) and indirect (mathematical modelling) techniques were used to investigate the kinetics of b-cell death in BBdp and BBdr rats. While our model-based approach suggests that the rate of b-cell apoptosis is of similar magnitude in both the diabetes-prone and diabetes-resistant strains, direct labelling of DNA strand breaks generated during apoptosis indicates that there is a higher incidence of apoptotic b-cells in the pancreas of neonatal BBdp rats. The observation that there is an increased incidence of apoptotic b-cells in diabetes-prone animals during the neonatal period is consistent with findings in another autoimmune diabetes-prone model. Using the TUNEL method, we observed an increased number of apoptotic islet cells in neonatal nonobese diabetic (NOD) mice as compared to a diabetes-resistant strain. 16 However, in this latter study the rate of b-cell apoptosis was not determined.
An increase in the number of cells displaying a particular marker for apoptosis is often interpreted as an increase in the rate of apoptosis; however, this observation may also be due to a decrease is the rate of clearance by phagocytes. Therefore, the number of TUNEL positive cells observed at a given time point is determined by both the rates of apoptosis and rates of clearance of the apoptotic cells. Our novel model-based approach is independent of the clearance rate of apoptotic cells and hence may be a more accurate reflection of the rate at which cells die. In concordance with this concept, we found that in comparison to macrophages from diabetes-resistant animals, macrophages from diabetes-prone animals displayed a marked deficiency in the ability to ingest apoptotic thymocytes in vitro. The observed difference between the phagocytic ability of macrophages from diabetes-prone and diabetes-resistant strains cannot be explained by differences in the proportion of early apoptotic thymocytes used in phagocytosis assays as the ratio of Annexin V positive cells to macrophages was always approximately 5 : 1.
In this study only a modest percentage of resident peritoneal macrophages were responsible for all target cell binding (a maximum of 7% of macrophages from BBdr rats contained at least one apoptotic thymocyte after in vitro phagocytosis assays). It has been reported that even within clonal macrophage populations some macrophages are more competent than others at any given time. 23 Henry et al. found that in vitro a small subpopulation of macrophages is responsible for the clearance of apoptotic cells. 24 Subsequent surface marker analysis of this phagocytic subpopulation revealed that they were activated. In our study nonelicited peritoneal macrophages were used and this may have resulted in the low numbers of engulfed apoptotic thymocytes observed. However, we chose to use nonelicited peritoneal macrophages for our experiments as the use of macrophages from other sources either requires prolonged culture or other forms of handling before they can be tested. This carries the intrinsic risk of modulating macrophage function. In the system used in this study the culture time for the macrophages was minimal (2 h), therefore it is likely that peritoneal macrophages largely maintained their in vivo phenotype. The low phagocytic rates observed for macrophages isolated from BB rats may indicate that a subpopulation is responsible for playing the major phagocytic role.
Macrophages play a major role in the clearance of apoptotic cells and are considered to be the`professional phagocytes' due to the efficiency with which they engulf and subsequently degrade apoptotic cells. 25 Macrophages have also been reported to play a pivotal role in the pathogenesis of many autoimmune diseases, 26 ± 29 including type 1 diabetes where they are among the first immune cells to be activated. 30, 31 In the BB rat model, macrophage infiltration into the islets precedes T-and natural killer (NK)-lymphocyte and later B-lymphocyte infiltration. 32 Further, lymphocytes do not localize to the islets in the absence of prior macrophage invasion. 32 Functional defects in macrophages isolated from BBdp rats have been reported. Upon stimulation peritoneal macrophages from BBdp rats secrete more tumour necrosis factor-alpha (TNF-a) than macro- phages from BBdr or normal Wistar rats. 33 TNF-a is an inflammatory cytokine implicated in a number of autoimmune diseases. 34 Apoptotic cell death is induced by TNF-a in vitro, and has been suggested as one cause of autoimmune pathology. 35 TNF-a also regulates macrophage activity, which could contribute to autoimmune inflammation. 36 From the day of birth on, a severe reduction in the thymic macrophage subpopulations has also been observed in BBdp rats as compared to Wistar rats. 37 Maturational and functional defects in macrophages from diabetes-prone NOD mice have also been identified. 38 ± 40 Whether
Since its original description, 41 cell death by apoptosis has been assumed to be non-inflammatory for two major reasons. Firstly, the surrounding tissue is protected against the uncontrolled leakage of potentially injurious substances from the dying cell. Secondly, cells undergoing apoptosis in vivo are usually recognized and swiftly ingested by macrophages or neighbouring cells acting as semi-professional phagocytes. Local inflammation and tissue injury are avoided not only because apoptotic cells are prevented from releasing their toxic intracellular components, but also because the macrophage's usual pro-inflammatory secretory response to phagocytosis is not activated 42 and may be biased towards release of anti-inflammatory cytokines such as transforming growth factor-beta (TFG-b). 43 Recent studies have emphasized that apoptotic cells are not immunologically inert, but rather have either positive or negative immune effects depending on the antigen presenting cell with which they interact.
Casciola-Rosen et al. 44 correlated apoptosis and autoimmunity with the observation that antigens for autoantibodies common in systemic lupus erythematosus could be found in distinct clusters in the surface blebs of apoptotic keratinocytes. The selective cleavage of key substrates during apoptosis may reveal immunocryptic epitopes that could potentially induce autoantibody responses in autoimmune diseases. Consistent with this hypothesis, Mevorach et al. 45 demonstrated that systemic exposure to syngeneic apoptotic thymocytes induces autoantibody production. If macrophages are unable to efficiently clear apoptotic debris then dendritic cells may be recruited to perform phagocytic functions with subsequent T-lymphocyte activation. Albert et al. 46 showed that immature dendritic cells can cross-present antigens to cytotoxic Tlymphocytes after phagocytosis of apoptotic cells. Collectively, these studies indicate that apoptotic cells can display autoreactive antigen, preferentially activate dendritic cells that are capable of priming T-lymphocytes, and induce the formation of autoantibodies.
That the neonatal wave of b-cell death might be responsible for the uncovering of novel antigen is also supported by the studies of Hoglund et al. 22 These authors demonstrated that a change takes place in the pancreas after 10 days of age, which allows for antigen recognition and T-lymphocyte proliferation. Naõ Ève b-cell specific Tlymphocytes from either 10-day-old or adult transgenic mice (BDC2.5) proliferate when given to adult NOD mice. In contrast, naõ Ève T-lymphocytes from adult transgenic mice do not proliferate when transferred into a 10-day-old recipient. This suggests that the T-lymphocytes of 10-dayold mice are competent, however there is insufficient antigen being presented for recognition at 10 days of age. Additional studies demonstrated that T-lymphocytes begin to proliferate at approximately 15 days of age suggesting that some phenomenon occurs and reveals antigen between 10 and 15 days of age, a time coincident with the neonatal wave.
The collective findings of the present study strongly suggest that there is impaired clearance of apoptotic b-cells in diabetes-prone BB rats during the neonatal period. The observed defective engulfment of apoptotic cell material in type 1 diabetes could have a major impact on immune pathogenic mechanisms. Disruption of the dynamic equilibrium between the production and clearance of apoptotic cells will potentially expose the immune system to harmful autoantigens generated during the apoptotic process. A more complete understanding of abnormalities in the execution of the apoptotic program and of the clearance defects inherent to antigen presenting cells may provide potential mechanisms for modifying the pathogenesis of autoimmune diseases.
Material and Methods
Animals
All procedures were in accordance with the standards set by the Canadian Council on Animal Care and were approved by animal care committees at the University of Alberta and Simon Fraser University. BioBreeding rats were obtained from the University of Alberta, Department of Agricultural, Food and Nutritional Science breeding colony. Original breeding pairs were obtained from Health Canada (Animal Resources Division, Health Protection Branch, Ottawa, ONT, Canada). The incidence of diabetes in this colony is approximately 80 ± 85% in both male and female rats with a mean diabetes age of onset at 96 days. Diabetes was diagnosed by regular urine tests for glucosuria. Rats were given free access to standard laboratory chow (NIH-07 meal diet; Zeigler Brothers, Gardners, PA, USA) and water ad libitum. Animals were bred specifically for this study and litters were culled to 8 ± 10 pups to minimize differences in nutrition prior to weaning. Male and female pups were removed from the dam and weaned onto chow at 21 days of age. All animals from a given litter were killed on the same day.
Experimental design
Animals of 0, 5, 10, 15, 20, 25, 30, 35, 50 , 70 and 90 days were used. The thymidine analogue 5-bromo-2'deoxyuridine (BrdU, 100 mg/kg, Sigma Diagnostics, St. Louis, MO, USA) was injected intraperitoneally 6 h before removal of the pancreas. For the terminal procedure, non-fasted rats were deeply anaesthetized with halothane. Blood was sampled by cardiac puncture, the pancreas was removed and cutting the diaphragm killed the animal.
Plasma glucose and insulin determination
Blood samples were stored in heparinized tubes on ice until centrifugation. Plasma samples were stored at 7208C until they were analyzed for glucose using a glucose oxidase method (Trinder Kit, Sigma Diagnostics, St Louis, MO, USA) and insulin was measured by radioimmunoassay using rat insulin standards (Linco, St Louis, MO, USA). All samples were assayed in duplicate. The coefficient of variation (CV) for duplicate plasma glucose determinations was 3.5+4.5% (mean+S.D.). The within assay CV for plasma insulin determinations was 3.6+4.2% and the between assay CV was 6.3+1.8%. A total of 272 animals from 112 litters were used for determination of plasma glucose and 269 animals from 97 litters were used for determination of plasma insulin levels.
Histology
For each strain at each age, tissue samples from five animals were randomly selected. In total, 110 animals were used from a minimum of four litters at each age and strain. The pancreas was removed from the animal, quickly cleared of adipose tissue, and then weighed and placed in Bouins fixative overnight. Pancreas from older animals were divided into two or three sections before being weighed, to facilitate the absorption of fixative. After fixation, the tissue samples were washed in cold water and then stored in 10% (w/v) buffered formalin until embedding in paraffin. Six serial sections of pancreas (4 mm each) were cut. In animals aged 0 to 25 days, a minimum of four sets of serial sections, separated by at least 40 mm, were prepared to allow for assessment of similar cross sectional areas across the range of age groups.
Identi®cation and quanti®cation of b b-cell apoptosis
The terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate (dUTP)-nick end labeling (TUNEL) method for labeling DNA strand breaks was used to quantify the number of apoptotic b-cells in section of pancreas from BBdp and BBdr rats aged 0 ± 25 days (n=5 animals at each age and strain). Slides were placed in a glass container 200 ml of 0.01 M citrate buffer (pH 6) and exposed to microwave irradiation for 5 min, resulting in elevation of the temperature to 808C. Immediately after irradiation, the container was filled with an extra 80 ml of distilled water to rapidly cool the antigen retrieval solution. The ApopTag kit (Intergen, Purchase, NY, USA) which utilizes digoxygenin (DIG)-dUTP and a peroxidase-labelled anti-DIG antibody was then used to identify the apoptotic cells. 
Net neogenesis and net cell death
Net neogenesis and net cell dath were calculated using our previously described mathematical model for b-cell turnover.
Neogenesis À Cell Death d À cell #adt À Replication b-Cell size was assumed to be constant and the BrdU labelling index (LI) was converted to a replication rate (Replication=(LI*24 h)/6 h). Since b-cell size and density were assumed to be relatively constant, the rate of change in b-cell number (d(b-cell #)/dt) is equal to the rate of change of b-cell mass. When the replication rate is greater than the rate of change of the b-cell mass, the model indicates that net cell loss must occur. Conversely, when the b-cell mass increases at a faster rate than can be accounted for by replication, net neogenesis is indicated.
Phagocytosis assays
Nonelicited peritoneal macrophages were obtained from 2-week-old male BBdp (n=8; collected from two litters) and BBdr (n=11; collected from three litters) neonates by closed peritoneal lavage with ice-cold RPMI media (RPMI 1640 medium containing 100 U/ml penicillin, 100 U/ml streptomycin, 10% v/v heat inactivated foetal caf serum (FCS) (Gibco Life Technologies, NY, USA). Cells were washed, resuspended in fresh medium, and seeded at 2610 5 cells per well into 8-well chamber slides (Nalge Nunc, IL, USA). Peritoneal cells were incubated for 2 h at 378C, 5% CO 2 in a humidified incubator to allow macrophages to adhere and spread. Nonadherent cells were removed by washing three times with warmed RPMI medium, after which 500 ml of medium was immediately added to each well. To ensure that equal numbers of adherent macrophages among strains remained after washing, nonadherent cells from washes of single cells were routinely counted and showed no differences among strains.
Autologous thymocytes were used for phagocytosis assays. Rat thymuses were harvested and minced to yield a single cell suspension. The thymocytes were irradiated with a UV lamp for 20 min and then cultured in RPMI/serum-free medium for 2 h at 378C/ 5% CO 2 . Cell death was confirmed using FITC-labelled Annexin V (Molecular Probes, OR, USA) and propodium iodide (PI) (Molecular Probes, OR, USA) staining and observation under a fluorescent microscope. Two hours after irradiation, a large proportion of the thymocyte population had externalized PS on the outer leaflet of their cell membrane (42+6% Annexin V positive; 12+3% PI positive).
Thymocytes were cocultured with macrophages, at a ratio of 5 : 1, Annexin V positive thymocytes : macrophages in RPMI supplemented with 20% heat-inactivated FCS for 60 min at 378C in 5% CO 2 . After phagocytosis, the wells were washed three times with ice cold PBS to remove thymocytes that had not been phagocytosed and then fixed in neutral buffered formalin. Cells were stained with hematoxylin and eosin Y (H & E) and observed by light microscopy. Phagocytosis was assessed by counting 1000 macrophages per well at 10006 magnification under oil immersion. Only thymocytes clearly within the perimeter of the macrophage were counted. Results were expressed as percentage of macrophages containing at least one ingested thymocyte (phagocytic macrophages) and as phagocytic index (total number of apoptotic bodies per 100 macrophages).
Statistical analysis
The results of plasma insulin, plasma glucose, b-cell mass, b-cell replication and insulitis were analyzed using a 2-way analysis of variance (ANOVA) by age and strain. The error associated with the flux calculation (net neogenesis and net cell death) was determined by a bootstrapping procedure. Individual estimates of b-cell mass in the five animals from each of two sequential points in time were used to determine all possible combinations of points. The slope of these segments was used to calculate the mean and variance of the rate of change in the mass. These values apply most appropriately to the point in time midway between the two sample times. As such the net flux calculation was based on the rate of change and the mean rate of replication between each two sequential points in time. Differences in net flux between strains were determined by an unpaired t-test. A value of P50.05 was considered significant. Results are expressed as mean+standard error of the mean (S.E.M.) unless otherwise noted.
